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Summary
The expression mechanism of long-term potentiation
(LTP) remains controversial. Here we combine electro-
physiology and Ca2+ imaging to examine the role
of silent synapses in LTP expression. Induction of
LTP fails to change pr at these synapses but instead
mediates an unmasking process that is sensitive
to the inhibition of postsynaptic membrane fusion.
Once unmasked, however, further potentiation of for-
merly silent synapses leads to an increase in pr. The
state of the synapse thus determines how LTP is
expressed.
Introduction
Long-term potentiation (LTP), a long-lasting activity-
dependent enhancement of synaptic transmission, is
the dominant cellular model of the neural basis of learn-
ing and memory (Bliss and Collingridge, 1993). A num-
ber of alternative mechanisms have been suggested
to account for the synaptic enhancement in LTP (for
review see Kullmann, 2003; Malenka, 2003; Malenka
and Nicoll, 1999; Malinow, 2003; Nicoll, 2003). One hy-
pothesis, that LTP is expressed by the unmasking of
silent synapses, has received considerable attention
(Durand et al., 1996; Isaac et al., 1995; Liao et al.,
1995). Silent synapses have normal N-methyl-D-aspar-
tate receptor (NMDAR) function but do not exhibit
an a-amino-3-hydroxy-5-methyl-4-isoxazole proprionic
acid receptor (AMPAR) mediated current following the
synaptic release of glutamate (Kauer, 1998; Kullmann
and Siegelbaum, 1995; Muller and Lynch, 1988; Perkel
and Nicoll, 1993). In the absence of AMPAR-mediated
current, the NMDAR remains blocked by Mg2+ at nor-
mal resting membrane potentials (Mayer et al., 1984;
Nowak et al., 1984), and no postsynaptic response is
produced.
*Correspondence: nigel.emptage@pharm.ox.ac.ukA number of models have been offered to explain how
silent synapses become active. Evidence of AMPAR re-
location following an LTP-inducing stimulus suggests
that synapses may be silent because AMPARs are
inaccessible, internalized, or inappropriately located
for efficient transmission before potentiation (Hayashi
et al., 2000; Shi et al., 1999). Unmasking of silent syn-
apses between two connected cells in area CA3 of the
hippocampus leads to the appearance of AMPAR-medi-
ated current without change in the NMDAR-mediated
component, also suggesting a postsynaptic mechanism
(Montgomery et al., 2001). Other models raise the possi-
bility that synapses bearing both functional NMDAR and
AMPAR could appear silent if the glutamate concentra-
tion reaching the receptors is insufficient to trigger an
AMPAR current. This might arise either because the
glutamate content of the vesicles is low prior to LTP in-
duction (Pothos et al., 1998), because of low probability
of release (Gasparini et al., 2000), or because the rate of
release into the synaptic cleft is somehow limited ana-
tomically (Choi et al., 2000, 2003; but see Malenka and
Nicoll, 1999).
Models of potentiation that invoke the unmasking of
silent synapses do not necessarily exclude the possibil-
ity that LTP elicits other sorts of synaptic strengthening.
There is mounting evidence that LTP induces presynap-
tic changes (Bolshakov and Siegelbaum, 1994; Malgar-
oli et al., 1995; Zakharenko et al., 2001) and that plastic-
ity can occur independently of the unmasking of silent
synapses (Montgomery and Madison, 2002). Previous
studies were hindered by an inability to analyze activity
at individual synapses, depending instead on either data
pooled from many synapses or multiple cells. This diffi-
culty can be overcome by combining electrophysiologi-
cal and optical methods to monitor synaptic transmis-
sion at individual synapses (Emptage et al., 1999;
Kovalchuk et al., 2000; Mainen et al., 1999; Malinow
et al., 1994; Muller and Connor, 1991; Oertner et al.,
2002; Reid et al., 2001, 2004; Yuste and Denk, 1995;
Yuste et al., 1999). Using this approach we have demon-
strated that LTP expression involves presynaptic
changes in release probability at individual active syn-
apses (Emptage et al., 2003). Here, we use this approach
to characterize plasticity at individual silent synapses
both before and after unmasking.
Our data show that the probability of eliciting a synap-
tically induced Ca2+ transient (pCa) is the same for silent
synapses before and after unmasking. As pCa has previ-
ously been shown to be a measure of pr (Emptage et al.,
1999; Oertner et al., 2002; Reid et al., 2004; Wang et al.,
1999; Yuste et al., 1999), we conclude that the probabil-
ity of release does not change as the result of unmask-
ing. Furthermore, the degree to which NMDARs are
activated by synaptically evoked release of glutamate
does not change on unmasking silent synapses. It there-
fore seems unlikely that unmasking arises from changes
in cleft glutamate concentration. In contrast, disrupting
the postsynaptic machinery necessary for AMPAR in-
sertion prevents the unmasking of silent synapses, sug-
gesting that unmasking is a postsynaptic phenomenon.
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650Figure 1. Evoked Postsynaptic Ca2+ Tran-
sients in Individual Spines Are Revealed fol-
lowing the Induction of LTP
(A) Confocal line scans (wide frame) over
a path marked by the black arrows in the
two-dimensional image (narrow frame) of a
set of spines along the dendrite of a CA3
pyramidal cell during low-frequency paired-
pulse stimulation at an interstimulus interval
of 75 ms (white lines) before (left) and after
(right) induction of LTP. Increasing levels of
Ca2+-indicator fluorescence are represented
from red to yellow to white. Traces immedi-
ately below the scans show the fractional
change in fluorescence (%DF/F) at two spines
(1 and 2) along the dendrite, as well as the
simultaneously recorded somatic membrane
potential. Note the appearance after tetanus
of a Ca2+ transient in spine 1; this spine never
responded before the tetanus. Spine 2 re-
sponded before the tetanus and with greater
probability after the tetanus.
(B) The normalized amplitude of the EPSP
evoked by synaptic stimulation is plotted
across the duration of the experiment.
(C) The normalized EPSP amplitude is plotted
for the experiments in which previously non-
responsive spines became active following
induction of LTP (n = 13).
Data are expressed as mean 6 SEM.Postsynaptic unmasking of silent synapses may be
one part of the potentiation associated with LTP, but
both our earlier data and the results presented here
also indicate a presynaptic component. We find that
whereas the unmasking of silent synapses produced
no change in pCa, subsequent potentiation increases
pCa in a manner similar to that previously reported at
active synapses (Emptage et al., 2003). Taken together,
these results suggest that an individual synapse can
support multiple mechanisms of LTP expression, but
whether it undergoes pre- or postsynaptic potentiation
is dependent upon the state of the synapse. These
observations help reconcile the conflicting literature
regarding the locus of LTP expression.
Results
LTP Reveals EPSCaTs at Previously Silent Synapses
We recorded from individual CA3 or CA1 pyramidal cells
in organotypic slice cultures using sharp microelecto-
des filled with the fluorescent Ca2+ indicator dyesOregon Green 488 BAPTA-1 and -2 or Oregon Green
488 BAPTA-1, -2 and -6F. Stimuli sufficient to elicit syn-
aptic responses of several millivolts were delivered 100–
1000 mm from the impaled cell. Using a laser scanning
confocal microscope, the apical dendritic field (stratum
radiatum) was systematically searched for a region of
the arbour containing a dendritic spine or spines re-
sponding to the test stimulus with an evoked postsyn-
aptic Ca2+ transient (EPSCaT) as previously described
(Emptage et al., 1999, 2003). A pair of pulses were rou-
tinely given to increase the likelihood that synapses
with high failure rate would generate an EPSCaT (Fig-
ure 1A, Before LTP). Line scan data were collected by
repeatedly scanning along a line through the responsive
spine or spines. Frequently, this line also crossed non-
responsive spines, allowing us to distinguish synaptic
responses, which are localized to individual synapses,
from general Ca2+ elevations, such as occur with den-
dritic spikes or back-propagating action potentials. For
each experiment, 30 PSPs were collected over 15 min
prior to delivery of a brief tetanus to induce LTP. EPSPs
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ure 1B). In 13 experiments, the mean (6SEM) increase
in EPSP amplitude was 159.0% 6 45.3% (Figure 1C).
Line scans were collected along the same scan path,
and both pCa and EPSCaT intensity after LTP were mea-
sured and compared to prepotentiation values. The
probability of observing an EPSCaT (pCa) at these spines
(n = 13) rose from a mean of 0.26 6 0.07 to 0.56 6 0.1.
During the 13 experiments we also observed a subset of
previously nonresponsive spines (n = 11) that produced
no EPSCaTs before LTP but did produce EPSCaTs fol-
lowing LTP. The pCa values in the newly responsive
spines ranged from <0.05 to 0.44 (mean 0.21 6 0.05),
not significantly different from that seen at spines that
were active prior to LTP induction (p > 0.52).
In the specific experiment illustrated in Figure 1, no
EPSCaTs were detected in spine 1 (18 paired stimulus
trials) prior to induction of LTP, while the active spine
(spine 2) produced EPSCaTs with a pCa of 0.11. Follow-
ing LTP induction, spine 1 produced EPSCaTs with a pCa
of 0.27, and spine 2 produced EPSCaTs with a pCa of
0.44. The intensity of the response at spine 1 after LTP
induction was 62.4% 6 11.2%, within the normal range
of EPSCaT intensities observed for active spines. The
EPSP amplitude in this cell increased from 1.97 mV in
the 5 min immediately preceding the tetanus to 6.8 mV
measured 25–30 min posttetanus. Thus in this experi-
ment the enhancement of the EPSP amplitude was as-
sociated with the appearance of an optical response at
a previously nonresponsive spine as well as an increase
in pCa at the active spine.
Relief of the Constitutive Mg2+ Block of the NMDAR
Reveals EPSCaTs at Silent Synapses
The appearance of EPSCaTs at previously nonrespon-
sive spines following the induction of LTP could repre-
sent the visualization of the unmasking of a silent
synapse. However, in order to be confident of this inter-
pretation, we had to exclude the possibility that in these
cases we were examining active synapses with such a
low pCa that we were unlikely to capture a response with
our limited number of stimulus trials (Gasparini et al.,
2000). Experimental manipulationssuchasdepolarization
of the postsynaptic cell (Isaac et al., 1995; Liao et al., 1995;
Montgomery et al., 2001; Rumpel et al., 1998) and re-
moval of Mg2+ from the bathing solution (Collingridge
et al., 1988; Nowak et al., 1984) are known to relieve the
constitutive Mg2+ block of the NMDA receptor. We there-
fore performed experiments under these conditions to
distinguish between silent and low pCa synapses.
Following impalement and dye loading of a pyramidal
cell, a region of the dendritic arbour containing at least
one spine exhibiting synaptically evoked EPSCaTs
was selected. This approach ensured that one or more
stimulated axons passed through the imaged area.
ACSF was then replaced by Mg2+-free ACSF and, after
3–4 min of perfusion, stimulation was resumed and
the region was again searched for active spines. This
manipulation revealed 45 newly active spines in 30
experiments. All spines showing EPSCaTs were charac-
terized as described previously. In the experiment de-
picted in Figure 2A, the spine responds to the synaptic
stimulus (pCa = 0.2, mean EPSCaT amplitude, 132% 6
23%) only when in the Mg2+-free ACSF; no responsewas observed in ACSF (pCa = 0). Similar results were
also achieved in experiments where the Mg2+ block was
relieved by direct depolarization of the postsynaptic cell
(Isaac et al., 1995; Liao et al., 1995; Montgomery et al.,
2001; Rumpel et al., 1998) (Figure 2B, pCa = 0.3, mean
EPSCaT amplitude 55% 6 13%). All synapses that be-
came responsive on relief of the Mg2+ blockade returned
to a nonresponsive state in control conditions regard-
less of the method used to unmask them. As the back-
ground fluorescence became elevated in cells subject
to sustained depolarization, thereby reducing the signal
to noise ratio, the subsequent characterization of silent
synapses was performed chiefly by unmasking syn-
apses in Mg2+-free ACSF solutions (however, see Fig-
ures 3E–3H).
We have previously established that the synaptically
evoked EPSCaT is the combined product of Ca2+ influx
via the NMDAR with further amplification of the Ca2+ sig-
nal by a Ca2+-induced Ca2+ release mechanism (CICR)
(Emptage et al., 1999). We therefore wished to deter-
mine whether the appearance of responsive synapses
in Mg2+-free ACSF arose from differences in the CICR
mechanism at active and silent synapses. In order to ad-
dress this, we examined whether the response to inhibi-
tion of store refilling by 15 mM cyclopiazonic acid (CPA)
was comparable at active and silent synapses (see
Figure S1 in the Supplemental Data available online).
CPA was applied to both types of synapse, and the level
of inhibition was measured in Mg2+-free ACSF condi-
tions. The mean amplitude of the EPSCaTs was identical
at active synapses and at silent synapses in Mg2+-free
ACSF (mean DF/F = 115.5% 6 6.5%; n = 7, versus
mean DF/F = 102.8% 6 8.8%; n = 7, p > 0.27) as was
the reduction in the EPSCaT amplitude seen on the ad-
dition of CPA (active spines, 75.1% 6 5.5% of control;
n = 7, p < 0.01; silent spines, 79.4% 6 6.9% of control;
n = 7, p < 0.05). There was no statistical difference in
the CPA effect at the two types of synapse (p > 0.64).
Thus it appears that silent synapses have the same
mechanism to support CICR as active synapses.
Active and silent synapses characterized in ACSF and
Mg2+-free ACSF conditions show a nonnormal distribu-
tion of pCa values (Figure 2C) but no significant differ-
ence in mean pCa (active synapses pCa = 0.17 6 0.06;
n = 38; silent synapses pCa = 0.14 6 0.07; n = 45,
p >0.45). Variability can be seen even among spines on
a single dendrite: in one example, two neighboring silent
synapses had pCa values of 0.4 and 0.1 when unmasked
by Mg2+-free ACSF. A third silent synapse responded
only to the second pulse of the pair of stimuli in Mg2+-
free ACSF, indicating that transmission occurred with
a very low probability (<0.1). To our knowledge, these
data provide the first indication that there may be na-
scent variation in pCa at silent synapses. pCa is thought
to provide an estimate of the probability of transmitter
release (pr) (Emptage et al., 1999; Yuste and Denk,
1995; Yuste et al., 1999), thus the variability of pr at dif-
ferent release sites appears not to depend on whether
or not there is functional synaptic transmission to the
postsynaptic cell. Interestingly, silent synapses demon-
strated significant paired-pulse facilitation (PPF) (DpCa
at silent synapses = 0.15 6 0.03; n = 45, p < 0.001), not
significantly different from that measured at active syn-
apses (DpCa at active synapses = 0.13 6 0.03; n = 38,
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at Silent Synapses by Relief of the Mg2+ Block
of the NMDA Receptor
(A) A length of dendrite imaged with the Ca2+
indicator dye Oregon Green BAPTA-1 and -2
cocktail. Arrows indicate the trajectory of the
scan line. Rapid repetitive line scans through
multiple spine heads (total scan duration
1024 ms) taken during synaptic activation in
Mg2+-free ACSF and in ACSF. The corre-
sponding fractional changes in fluorescence
are shown below for the spine indicated by
the arrowhead.
(B) A length of dendrite from a different neu-
ron imaged with Oregon Green BAPTA-1
and -2 cocktail. Line scans as in Figure 1A,
with the Mg2+ block relieved by somatic de-
polarization of the cell to +20 mV. The frac-
tional change in fluorescence (below) is re-
ported for the spine indicated by arrowhead.
(C) Histograms of pCa from spines that re-
sponded in ACSF (active, filled bars) and
those that responded only in Mg2+-free solu-
tion (silent, white bars). The range and mean
of pCa values are similar for silent (n = 45)
and active synapses (n = 38).
Data are expressed as mean 6 SEM.p > 0.84). Critically, we find no evidence that the Mg2+-
free ACSF changes neuronal excitability and thereby en-
hances synaptic transmission. We observe that expo-
sure of synapses to the Mg2+-free ACSF does not itself
change pCa, as there is no difference in the pCa of active
synapses measured in both Mg2+-free ACSF and ACSF
(Mg2+-free, pCa = 0.15 6 0.03; ACSF, pCa = 0.14 6 0.03
n = 30, p > 0.68). Nor does the Mg2+-free ACSF increase
the amplitude of action potential-evoked Ca2+ transients
in presynaptic terminals of hippocampal boutons (mean
%DF/F in ACSF = 1286 15; mean %DF/F in Mg2+-free =
1246 13.2; n = 5, p > 0.68). Nor do we see an effect on the
amplitude of evoked EPSPs when moving from ACSF
to Mg2+-free ACSF (mean EPSP amplitude in ACSF =
3.42 mV 6 0.07; mean amplitude in Mg2+-free ACSF =
3.48 mV60.03; n = 8, p > 0.72). Taken together, these ob-
servations make it unlikely that a change in presynaptic
function or coupling between NMDAR activation and
Ca2+ release from stores occurs in Mg2+-free ACSF.
Induction of LTP Unmasks Synaptically Evoked
Ca2+ Transients at the Same Synapses Revealed
in Mg2+-Free ACSF or by Depolarization
We next examined whether silent synapses in which
EPSCaT responses were uncovered in Mg2+-free ACSF
solution could also be unmasked by tetanic stimulationleading to induction of LTP. For this we combined our
two previous protocols. Individual silent synapses
were identified using the Mg2+-free ACSF protocol as
described above, and their EPSCaTs were character-
ized. Perfusion with ACSF was then resumed, LTP was
induced with a brief tetanus, and line scans were again
recorded from the same spines. Of 14 cells in which
LTP was induced, 11 synapses were unmasked, of
which eight survived sufficient trials (20 line scans) to
produce a reliable measure of pCa and EPSCaT ampli-
tude. Although widely hypothesized to occur, this is
the first time (to our knowledge) that unmasking by
LTP has been directly observed at single, visualized syn-
apses. Figure 3A shows an example of a silent synapse
unmasked by LTP. An analysis of variance (ANOVA) re-
vealed a significant overall effect on %DF/F (F = 98.8,
p < 0.0001). The EPSCaT after unmasking is smaller
than that measured in Mg2+-free ACSF, and we assume
that this reflects the incomplete relief of the Mg2+ block
by synaptic activation at resting membrane potential
(EPSCaT in Mg2+-free ACSF %DF/F = 121.2; unmasked
in ACSF %DF/F = 65.1). Pooling data from the eight suc-
cessful experiments followed by post hoc comparisons
revealed that EPSCaTs are significantly larger in ACSF
after LTP induction than in ACSF before induction
(Figure 3C). The measurement of fluorescence intensity
Optical Quantal Analysis at Silent Synapses
653Figure 3. Silent Synapses Can Be Unmasked
by Induction of LTP
(A) A length of dendrite imaged with the
Oregon Green BAPTA-1 and -2 dye cocktail.
Arrows indicate the trajectory of the scan
line. Line scans through the spine head (total
scan duration 1024 ms) taken during synaptic
activation by a pair of stimuli in Mg2+-free
ACSF (left panel), in ACSF (center panel) and
following the induction of LTP (right panel).
The fractional change in fluorescence is
shown beneath each of the line scan records.
(B) The magnitude of LTP is shown for the
population of cells exposed to the Mg2+-free
ACSF (156% 6 41% increase over baseline,
n = 8).
(C) Histogram of the change in fluorescence
(%DF/F) in Mg2+-free ACSF, ACSF, and after
LTP in ACSF (n = 8). The peak signal, averaged
across multiple cells, was significantly differ-
ent between Mg2+-free ACSF and ACSF and
between unmasked EPSCaTs after potentia-
tion and the signal in ACSF before potentia-
tion.
(D) Histogram showing no difference in pCa
before and after the induction of LTP. pCa
values are taken at individual synapses in
Mg2+-free ACSF conditions and 30 min after
induction of LTP.
(E) A length of dendrite imaged with the Ca2+
indicator dye cocktail. Line scans as in
Figure 3A, with the Mg2+ block relieved by so-
matic depolarization of the cell to +20 mV. The
fractional change in fluorescence (below) is
reported for the spines indicated by the
arrowhead at +20 mV, at 265 mV, then post-
LTP at 265mV. EPSCaT intensities were
55% 6 13% (+20 mV), 0.72% 6 1.97% (265
mV), and 39% 6 8% (265 mV after LTP).
(F) The magnitude of LTP is shown for the
population of cells in which synapses were
characterized at a depolarized potential
(162.7%6 63% increase over baseline, n = 3).
(G) Histogram of the change in fluorescence (%DF/F) at +20 mV,265 mV, and after LTP in ACSF (n = 3). The peak signal, averaged across these
cells, was significantly different between +20 mV and 265 mV (p < 0.01) and between unmasked EPSCaTs after LTP and at 265 mV before
potentiation (p < 0.01).
(H) Histogram showing no difference in pCa before and after the induction of LTP. pCa values are taken at individual synapses when the cell is
depolarised (+20 mV) and 30 min after induction of LTP.
Data are expressed as mean 6 SEM.in ACSF before the induction of LTP was taken at a time
point coincident with the test stimulus and is not signif-
icantly different from zero (mean %DF/F in Mg2+-free,
90.06 6 12.05; ACSF, 0.93 6 2.48; unmasked, 63.18 6
6.68; Figure 3C). An analysis of pCa in Mg
2+-free ACSF
and again in ACSF following unmasking by LTP revealed
that the pCa of silent synapses does not change upon
unmasking (silent/Mg2+-free, pCa = 0.14 6 0.04; after
LTP, pCa = 0.176 0.05, p > 0.3) (Figure 3D). The average
increase in EPSP amplitude measured 25–30 min post-
tetanus was 156% 6 41%, n = 8 (Figure 3B). A compar-
ison between the EPSCaT amplitude of the newly un-
masked synapses with that of active synapses reveals
no significant difference (unmasked %DF/F = 63.18 6
6.68 = 8; active %DF/F = 67.756 4.85; n = 8). To confirm
that the silent synapses unmasked by LTP contained
functional AMPA receptors, we applied the AMPA
receptor antagonist 6,7-dinitroquinoxaline-2,3-dione
(DNQX) via the superfusate. In the presence of DNQX,
unmasked synapses once again became nonresponsive
(EPSCaT unmasked in ACSF mean %DF/F = 496 2.4; inDNQX, 23.6 6 1.8; n = 7). Finally, we were also able to
reveal responsive synapses following depolarization of
the cell to +20 mV and then unmask these synapses
by inducing LTP. In the experiment shown in
Figure 3E, the EPSCaT at +20 mV was %DF/F = 55 6
13, at 265 mV it was %DF/F = 0.72 6 1.97, and after
LTP at 265 mV it was 39% 6 8%. The mean values
across three experiments were (at + 20 mV) %DF/F =
54.73 6 6.3; pCa = 0.23 6 0.05; (at –65 mV) %DF/F =
0.45 6 0.29; after LTP (at –65 mV) %DF/F = 42.23 6
5.2; pCa = 0.17 6 0.05 (Figures 3G and 3H). The average
increase in EPSP amplitude measured 25–30 min post-
tetanus was162.7% 6 63%; n = 3 (Figure 3F). Taken to-
gether these data are consistent with the idea that we
are visualizing the unmasking of silent synapses.
Silent Synapses Show No Change in pCa following
Unmasking by High-Frequency Stimulation
An analysis of pCa in Mg
2+-free ACSF and again in ACSF
following unmasking by LTP revealed that the pCa of
silent synapses does not increase upon unmasking
Neuron
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pCa values for all synapses measured in Mg
2+-free
ACSF and again in ACSF after unmasking by LTP. While
probabilities range from <0.1 to 0.7 before and after un-
masking, the data cluster around the line of equality.
Statistical analysis reveals that there was no significant
difference in pCa overall, before or after unmasking,
across the group of synapses (silent/Mg2+-free, pCa =
0.23 6 0.06; after LTP, pCa = 0.25 6 0.05; n = 13, p >
0.55; Figure 4D). Nor do we see a change in PPF on un-
masking by LTP (DpCa at silent synapses = 0.11 6 0.05;
DpCa at unmasked synapses = 0.12 6 0.06; n = 13,
p > 0.9).
Once Unmasked, Previously Silent Synapses Show
an Increase in pCa following a Second Episode of
Tetanic Stimulation
We have previously shown that LTP at active hippocam-
pal synapses is associated with an increase in pCa
(Emptage et al., 2003). Here we have demonstrated
that the unmasking of silent synapses by LTP-inducing
stimulation is accomplished without an increase in pCa,
or presumably pr. We therefore wished to explore
whether these two distinct forms of plasticity in silent
and active synapses reflect the characteristics of two
distinct populations—a population of silent synapses
that can be unmasked, and then do not exhibit further
changes in pCa with further tetanization, and a popula-
tion of active synapses in which LTP is manifest as
a change in pCa. Or does every synapse have a silent
phase from which it can be rescued by an initial LTP-
inducing stimulus that results in the unmasking of an
AMPA receptor response without affecting pCa, and a re-
sulting active phase in which further potentiation is
achieved, at least in part, by an increase in pr? To ad-
dress this question, we identified silent synapses as be-
fore by perfusing with Mg2+-free ACSF, unmasked them
with LTP-inducing stimulation, recharacterized the syn-
apses after an interval of 30 min, and then induced LTP
for a second time, remeasuring pCa in the newly un-
masked synapses (Figure 4A). Figure 4C shows the
effect on pCa of a second round of tetanic stimulation
(LTP2) at all synapses unmasked by the first round
(LTP1). This two-cycle protocol ensured that all of the
synapses were unmasked by LTP1 before being further
potentiated by LTP2. The summary data of the magni-
tude of LTP induced with each round is shown in
Figure 4A, where LTP1 produced a 169% 6 47% in-
crease in EPSP amplitude above baseline, and LTP2
a further 51% 6 17% increase. Under these conditions
pCa after LTP2 consistently increased above the line of
equality, and no spines underwent a decrease in pCa
with the second round of LTP. The average pCa at these
synapses was significantly greater after the second
round of LTP than either while silent (p < 0.01) or after
initial unmasking (LTP1 pCa = 0.25 6 0.05; LTP2 pCa =
0.45 6 0.09; n = 8, p < 0.05; Figure 4D).
Unmasking of Silent Synapses Requires the Activity
of the Postsynaptic SNARE Complex
To test postsynaptic mechanisms of unmasking, we
blocked membrane fusion events in the postsynaptic
cell, as it has been suggested that delivery of receptors
to the membrane by vesicular fusion is critical for post-synaptically mediated increases in synaptic strength
(Lledo et al., 1998). Fusion was blocked by introducing
the light chain of tetanus neurotoxin (TeNT) into cells
through the recording electrode (500 nM in the pipette
tip), allowing 1 hr for diffusion throughout the cell. Silent
synapses were identified and characterized in Mg2+-free
ACSF and ACSF as described previously. Unmasking
was attempted twice for each cell, using a protocol
known to induce LTP under control conditions (see Fig-
ure 2A). The cells were then returned to Mg2+-free ACSF
and transmission was recharacterized (Figure 5A). In no
case was a silent synapse unmasked in the presence of
TeNT (n = 5 silent synapses, two cycles of LTP induction
for each synapse). Upon return to the Mg2+-free ACSF,
silent synapses were again characterized. pCa of the si-
lent synapses did not change (Mg2+-free1 pCa = 0.32 6
0.07; Mg2+-free2 pCa = 0.30 6 0.06, p > 0.85,
Figure 4. pCa of Silent Synapses Does Not Change following the In-
duction of LTP, but pCa Is Increased upon Subsequent LTP
(A) Population data showing the increase in EPSP amplitude with
two cycles of LTP induction. LTP1 yielded a 169% 6 47% increase
in EPSP amplitude above baseline, and LTP2 produced an additional
51% 6 17% increase (n = 6 cells).
(B) A comparison of pCa before and after the induction of LTP. pCa
values are taken at individual synapses in Mg2+-free ACSF condi-
tions and 30 min after induction of LTP. The dotted line represents
the value expected if there were no change in pCa.
(C) A comparison of pCa after unmasking by LTP with pCa after a sec-
ond round of LTP. The dotted line represents the expected pCa value
if there had been no change.
(D) Histogram comparing mean pCa of spines in three conditions. pCa
was initially measured in Mg2+-free ACSF and was not significantly
changed as the result of the initial round of LTP (Mg2+-free, pCa =
0.23 6 0.06, n = 13; LTP1, pCa = 0.25 6 0.05, n = 13, p > 0.55). There
was, however, a significant increase in pCa after the second cycle of
LTP (LTP2, pCa = 0.45 6 0.09, n = 8) both when comparing to pCa in
Mg2+-free ACSF (p < 0.01) and when comparing pCa at recently un-
masked synapses (p < 0.05).
Data are expressed as mean 6 SEM.
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Tetanus Toxin into the Postsynaptic Cell Pre-
vents Unmasking of Silent Synapses
(A) A length of dendrite in a cell infused with
the light chain of TeNT, imaged with the
Ca2+ indicator dye cocktail. To the right are
plotted fractional changes in fluorescence
generated in the spine head by synaptic stim-
ulation; from left to right in Mg2+-free ACSF,
after returning to normal ACSF, after each of
two separate rounds of LTP induction, and fi-
nally after having been returned to Mg2+-free
ACSF. In the presence of TeNT, no spine ever
unmasked. The pCa measured for this spine
under Mg2+-free ACSF conditions remained
unchanged (0.2) after multiple rounds of LTP.
(B) Histogram of pCa measured in Mg
2+-free
ACSF conditions averaged over five silent
synapses. pCa was zero in all other condi-
tions, as would be expected in silent synap-
ses. There was no significant difference in
pCa among the silent synapses before and af-
ter undergoing multiple rounds of LTP.
(C) Histogram showing mean EPSCaT intensi-
ties, reported as %DF/F, for silent synapses
(n = 5) at various stages of the experiment de-
scribed in (A). The fractional change in fluo-
rescence measured in ACSF, LTP1, and LTP2
are not significantly different from zero. A
significant increase in fluorescence above
baseline is seen both for the first and second
measurements in Mg2+-free ACSF (p < 0.001).
(D) Histogram of pCa at active synapses show-
ing a significant increase in transmission
probability following LTP, even in the pres-
ence of the light chain of TeNT (n = 6, p < 0.05).
(E) LTP traces under control conditions and
with light chain TeNT in the postsynaptic
cell. On average, TeNT inclusion results in sig-
nifcantly reduced LTP (control = 169% 6
47%, TeNT = 38.4% 6 15.3%, n = 5, p <
0.03) although the LTP seen in the presence
of TeNT is still significantly different from
zero (p < 0.007).
Data are expressed as mean 6 SEM.Figure 5B). Although the EPSCaT intensity falls between
the first and second Mg2+-free exposures (Mg2+-free1
EPSCaT = 71% 6 11%; Mg2+-free2 EPSCaT = 38% 6
10%, Figure 5C) both Mg2+-free1 and Mg
2+-free2 are
significantly greater than zero (p < 0.001, n = 5). In con-
trast, changes in the intensity of fluorescence following
synaptic stimulation were never significantly different
from zero in ACSF either before or after LTP induction
(Figure 5C). Active spines, even in the presence of
TeNT, showed a significant increase in pCa following
LTP induction (pCa = 0.12 6 0.03; pCa after LTP =
0.22 6 0.04; n = 6, p < 0.05, Figure 5D). In the presence
of TeNT, LTP was significantly reduced relative to that
seen in the absence of TeNT (control LTP 169% 6
47% versus TeNT LTP 38.4 6 15.3%; n = 5, p < 0.03)
(Figure 5E) but significant potentiation was still evident
(LTP = 38.4% 6 15.3%, n = 5, p < 0.007).
Glutamate Concentration Does Not Change
on the Unmasking of Silent Synapses
It is known that AMPA receptors have a lower affinity for
glutamate than NMDA receptors. It has been proposed
that incomplete or slow release of vesicular glutamateand a correspondingly low elevation of the peak gluta-
mate concentration in the synaptic cleft may account
for the failure of transmitter release to evoke AMPAR-
mediated EPSCs at silent synapses (Choi et al., 2000).
Although the postsynaptic dialysis of TeNT would ap-
pear to contradict this view, there remains the possibility
that SNARE complex-dependent release of a retrograde
messenger might lead to an increase in glutamate re-
lease. In order to test this, we performed an experiment
to assess the amount of glutamate released before and
after the induction of LTP at a silent synapse. We moni-
tored glutamate release by measuring the Ca2+ entering
a spine through the NMDAR (Figure 6A). To establish
that the glutamate released by a single stimulus did
not saturate NMDARs, we used a single and double
pulse stimulus protocol (Mainen et al., 1999) and com-
pared the NMDAR Ca2+ transients produced by single
stimuli to those produced by pairs of stimuli separated
by 10 ms. In the latter case, we could be confident that
glutamate bound to NMDARs following the first stimulus
would still be bound at the time of the second stimulus
10 ms later, owing to its slow unbinding rate (Clements
et al., 1992; Lester et al., 1990). If receptors are saturated
Neuron
656Figure 6. Glutamate Release at Silent Synap-
ses Does Not Change upon Induction of LTP
(A) Cells were imaged using a Oregon Green
488 cocktail (0.5 mM BAPTA-1, 1 mM
BAPTA-2, 1 mM BAPTA-6F) to prevent satu-
ration at single spines. Single ([) or pairs of
stimuli ([[) 10 ms apart were delivered on al-
ternate trials and recorded by imaging
NMDA-R-mediated Ca2+ transients. Frac-
tional changes in fluorescence (%DF/F) in
a single trial show stimulus-evoked EPSCaTs
in Mg2+-free ACSF1, after returning to ACSF,
after induction of LTP, and finally having
been returned to Mg2+-free ACSF2. The DF/F
evoked by pairs of stimuli were significantly
larger than those evoked by single stimuli in
Mg2+-free ACSF1 before LTP and after un-
masking in Mg2+-free ACSF2.
(B) Induction of LTP does not change the
EPSCaT in Mg2+-free ACSF. Average EPSCaT
intensity for one stimulus (bi) and two stimuli
(bii) (10 ms interstimulus interval) including
failure (gray) and nonfailure responses (black)
(n = 5). On average, responses to double
stimuli were significantly greater than to sin-
gle stimuli for failure and nonfailure re-
sponses (nonfailure responses %DF/F before
LTP [ 109.16% 6 7.1%, [[ 191.64% 6
17.7%, p < 0.05 and after LTP [ 91.91% 6
6.3%, [[ 178.86% 6 14.6%, p < 0.05).
(Ci) Histogram depicting averaged EPSCaT
intensities (from nonfailure responses) for
five silent synapses characterized in Mg2+-
free ACSF1 and unmasked during LTP before
reimaging in Mg2+-free ACSF2. (Cii) The pCa of
silent synapses in Mg2+-free ACSF1, in ACSF
after unmasking, and in Mg2+-free ACSF2
does not change (pCa 0.44 6 0.11, 0.42 6
0.08, 0.42 6 0.08). (Ciii) Average increase in
EPSP amplitude after the induction of LTP
(164% 6 56% over baseline EPSP, n = 5).
Data are expressed as mean 6 SEM.by the release of glutamate resulting from a single stim-
ulus, then there will be no unbound receptors available
for opening by a subsequent release. The expected re-
sponse for a stimulus pair would therefore be about
the same as for one stimulus. In fact, in Mg2+-free
ACSF the average fluorescence of transients evoked
by pairs of stimuli were significantly larger than those
evoked by single stimuli (%DF/F 77.626 15.2 for a single
pulse, 147.81 6 22.6 for two pulses; n = 5, p < 0.05,
Figure 6B). To ensure that our data were not confounded
by synaptic failures, we also analyzed all nonfailure re-
sponses (%DF/F 109.16 6 7.1 for a single pulse,
191.64 6 17.7 for two pulses; n = 5, p < 0.001), and
here too we see a significant increase in the average
fluorescent transient to a pair of stimuli (Figure 6Ci).
These data are consistent with similar experiments at
CA1 synapses (Mainen et al., 1999) and indicate that
NMDARs are not saturated at silent synapses. Confir-
mation of the silent nature of the synapse was seen on
return to ACSF, where the response was lost (Figure 6A).
To examine whether there were changes in glutamate
release after LTP, we unmasked these silent synapsesin ACSF as in previous experiments. Twenty minutes
after the induction of LTP, single and paired stimuli
were again applied to the synapse in Mg2+-free ACSF
conditions. Once again we see that the amplitude of
the NMDAR-mediated Ca2+ transient was not saturated,
as a significantly larger response was observed to a
pair of stimuli as compared to a single stimulus
(%DF/F 91.91 6 6.3 for a single pulse; %DF/F
178.86 6 14.6 for two pulses; n = 5, p < 0.001). Most im-
portantly, when we compared responses before and
after LTP we observed no difference to single stimuli
(109.16 6 7.1 versus %DF/F 91.91 6 6.3; n = 5, p >
0.81) or to paired stimuli (191.64 6 17.7 versus
178.86 6 14.6; n = 5, p > 0.78). These data suggest
that there is no increase in the level of glutamate release
following potentiation of a silent synapse.
Discussion
Silent synapses and their role in the expression of LTP
have been widely studied (for reviews see Isaac, 2003;
Isaac et al., 1999; Nicoll, 2003). Although their existence
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LTP is not well understood. In this study we have com-
bined confocal laser imaging and electrophysiology to
monitor synaptic transmission and plasticity at silent
and newly unmasked synapses. We show that the
mechanisms involved in transforming ‘‘synaptic si-
lence’’ into synaptic activity are likely to be postsynap-
tic, while a presynaptic mechanism contributes to fur-
ther potentiation of unsilenced synapses.
Our initial goal was to visualize the unmasking of silent
synapses by tetanic stimulation. While unmasking has
been widely documented from electrophysiological
measurements, this is the first time (to our knowledge)
that unmasking has been directly visualized at the level
of single synapses. Importantly, such direct visualiza-
tion allows us to go beyond merely affirming that the un-
masking of silent synapses contributes to LTP, as char-
acterizing the responses of silent synapses before and
after LTP has allowed us to test hypotheses about the
nature of synaptic silence and the unmasking process.
Since LTP is accompanied by an increase in pCa at ex-
citatory synapses on CA3 and CA1 neurons in organo-
typic hippocampal slices (Emptage et al., 2003), it was
important to establish whether synapses unmasked by
LTP-inducing stimulation evolved from postsynaptically
silent synapses (that is, synapses expressing NMDA but
no AMPA receptors in the postsynaptic membrane) or
from synapses having a normal complement of postsyn-
aptic AMPA receptors but with an extremely low initial
pCa. Synapses described here were therefore either
characterized in ACSF and Mg2+-free ACSF or by depo-
larization of the postsynaptic membrane. Although there
is evidence to suggest that increasing the extracellular
Mg2+ level affects the probability of transmitter release
(Dodge and Rahamimoff, 1967; Portis et al., 1979), we
saw no indication that a Mg2+-free environment changes
release probability from that measured in ACSF contain-
ing physiological levels of Mg2+. Under our recording
conditions, Mg2+-free ACSF had no effect on the pCa at
active synapses. Mg2+ is also reported to displace
Ca2+ at the cell membrane surface (McLaughlin et al.,
1978); thus, removal of Mg2+ might enhance transmitter
release by facilitating influx of Ca2+ into the bouton.
However, our assessment of the Ca2+ influx into synap-
tic boutons failed to detect a difference in the Ca2+ influx
in Mg2+-free ACSF. This control is an important one, as
our measurements are made blind to whether we are in-
vestigating an active or a silent synapse. Thus, the sys-
tematic characterization of synapses in both ACSF and
Mg2+-free ACSF, or following postsynaptic membrane
depolarization, ensured that our cohort of silent synap-
ses satisfied the basic tenet of the conventional silent
synapse. In this way, we have shown that the pCa of si-
lent synapses, and thus their pr (Emptage et al., 1999;
Oertner et al., 2002; Reid et al., 2004; Wang et al.,
1999; Yuste et al., 1999), is heterogeneous. The basis
for the heterogeneity is not clear, although there are sev-
eral possibilities. Heterogeneity may reflect a process
by which synapse pr is set at a random value during syn-
aptogenesis. Alternatively, synapses may be silenced
from an initially active state (Xiao et al., 2004) during
which pr may be modulated by activity. Importantly,
the silent synapses studied in these experiments ap-
peared structurally mature; that is, they had well defineddendritic spines that were not different in appearance
from the spines of active synapses within the resolution
of confocal microscopy.
A key observation is that pCa remains unchanged fol-
lowing the unmasking of a silent synapse by LTP. This
result is in marked contrast with that seen using the
same technique at active synapses where pCa increases
following LTP (Emptage et al., 2003). In an attempt
to reconcile this difference, we examined possible
mechanisms for the unmasking process. Two types of
mechanism have been proposed: those that increase
availability of glutamate and those that increase the
postsynaptic response to a fixed level of glutamate re-
lease (for review see Kullmann, 2003). The vesicular pro-
tein VAMP (synaptobrevin) (Archer et al., 1990; Baumert
et al., 1989; Elferink et al., 1989; Sollner et al., 1993) is re-
quired for vesicle exocytosis (Schoch et al., 2001; Sud-
hof, 1995) and is proteolytically cleaved by TeNT (Link
et al., 1992; Schiavo et al., 1992). The light chain of
TeNT is unable to cross the plasma membrane and
has been used in our experiments to prevent exocytosis
in the postsynaptic neuron. Suppression of the unmask-
ing of silent synapses by TeNT suggests that exocytosis
is necessary for this process. Futhermore, our observa-
tion that unmasked EPSCaTs are blocked by DNQX sug-
gests that the TeNT-sensitive process results in the ac-
tivation of functional AMPARs. Insertion of AMPARs into
the postsynaptic membrane appears to involve the exo-
cytosis of receptor-containing vesicles, regulated by
neuronal activity (Broutman and Baudry, 2001; Liao
et al., 2001; Lledo et al., 1998; Maletic-Savatic et al.,
1998; Passafaro et al., 2001; Shi et al., 1999). Our data,
taken together with previous work showing transloca-
tion of AMPARs following LTP-inducing stimulation
(Hayashi et al., 2000; Shi et al., 1999), suggest a model
in which insertion of AMPA receptors at silent synapses
is responsible for unmasking at these synapses. Impor-
tantly, we also show that significant changes in pCa oc-
cur at active synapses when TeNT is dialyzed into the
postsynaptic cell. This result suggests that at active
synapses the expression mechanism of LTP is not
wholly dependent on the process of AMPAR insertion,
offering an explanation of why LTP is not fully blocked
by dialysis of TeNT. We therefore suggest that the extent
to which TeNT blocks LTP is determined by the number
of active and silent synapses within the tissue. Thus,
LTP in tissue with large numbers of silent synapses
will show a greater dependence on the blockade of
postsynaptic membrane fusion. We recognized that
the TeNT experiments do not rule out the possibility
that an exocytosis-dependent process other than
AMPAR insertion may be responsible for the unmasking
of silent synapses, perhaps by activating a presynaptic
process. We therefore directly addressed whether we
could detect an increase in the level of glutamate release
following induction of LTP. We found that the amplitude
of NMDAR-mediated Ca2+ transients at a silent synapse
is unchanged by LTP, indicating that the release of glu-
tamate is not increased upon unmasking. This result
cannot be explained simply in terms of NMDAR satura-
tion or saturation of the Ca2+ indicator, as pairs of stimuli
show robust and significant increase over the response
seen to a single stimulus. Of course excluding that there
is no increase in glutamate release does not preclude
Neuron
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may occur. However, as we see no evidence for a change
in the release kinetics, based upon measurements of the
slope of the EPSCaT, we feel this to be unlikely.
The second key result from our data is that tetanic
stimulation can drive increases in pCa at recently un-
masked synapses. This observation is consistent with
previous experiments that have suggested that presyn-
aptic changes contribute to the expression of LTP (Anto-
nova et al., 2001; Bolshakov and Siegelbaum, 1994; Mal-
garoli et al., 1995; Zakharenko et al., 2001), and,
critically, it places in context the observation that active
synapses show an increase in pCa after LTP induction
(Emptage et al., 2003). Taken together these results pro-
vide a potential reconciliation of many of the discrep-
ancies in the literature relating to the locus of expression
of LTP (Kullmann, 2003; Malenka, 2003; Malenka and
Nicoll, 1999; Malinow, 2003; Nicoll, 2003). In short it ap-
pears that while LTP-inducing stimulation can unmask
silent synapses via a postsynaptic expression mecha-
nism it can also increase pCa at active synapses via
a presynaptic mechanism. Evidence for expression at
both pre- and postsynaptic loci has also been reported
elsewhere. For example, Antonova et al. (Antonova
et al., 2001) show that potentiation in cultured hippo-
campal neurons produces both an increase in the post-
synaptic expression of AMPAR GluR1 subunits and an
increase in the presynaptic synaptic vesicle protein syn-
aptophysin. Because Antonova et al. were looking at
changes en masse, they could not specify whether
changes were associated with silent or active synapses;
however, their results support the idea that both pre-
and postsynaptic changes underlie the expression of
LTP.
Why do changes in pCa occur only at active synapses?
It cannot be the rule that silent synapses will exhibit an
increase in pCa after two cycles of the tetanic stimula-
tion, since two cycles of induction fail to induce a change
in pCa when the postsynaptic cell is infused with TeNT.
We suggest that in this case it is the failure to induce
functional AMPARs to the first tetanus that results in
a failure to induce a presynaptic change to the second
tetanus. Presynaptic expression of NMDAR-dependent
LTP in any case entails a requirement for postsynaptic
activation and has been taken to imply the existence
of one or more retrograde messengers. Nitric oxide (Ara-
ncio et al., 1996; Schuman and Madison, 1994), brain-
derived neurotrophic factor (Li et al., 1998; Stoop and
Poo, 1996), and arachidonic acid (Williams et al., 1989)
have all been implicated to varying degrees in hippo-
campal LTP; however, the relationship between func-
tional AMPAR expression and these agents is not clear.
Alternatively, retrograde signaling may be achieved in
the manner described by Contractor et al., who showed
that trans-synaptic Eph-receptor signaling can occur in
mossy fiber LTP (Contractor et al., 2002). This mecha-
nism is particularly interesting, as EphB receptors are
known to interact with AMPA receptors via PICK1 and
GRIP (Torres et al., 1998).
Our finding that LTP induction may affect individual
synapses differently depending on their state or recent
history is seen in other forms of plasticity. Activity-de-
pendent decreases in EPSP amplitude at naive and pre-
viously potentiated synapses are achieved by differentmechanisms. LTD at naive synapses is accompanied
by dephosphorylation of the GluR1 subunit of the
AMPA receptor at sites different from those dephos-
phorylated after depotentiation (Lee et al., 2000). Addi-
tionally, depotentiation is blocked in calcineurin-A
knockout mice, while these animals show no deficit in
LTD (Zhuo et al., 1999). A further parallel to our work is
found in the data of Montgomery and Madison (Mont-
gomery and Madison, 2002; Montgomery et al., 2001),
who show that pairs of CA3 neurons in organotypic slice
cultures may be connected by silent synapses. Follow-
ing unmasking, these synapses can be depressed by
a mechanism that is NMDAR dependent. In contrast, po-
tentiated active synapses are depotentiated in an
NMDAR-independent but mGluR-dependent manner.
In light of the results reported here, we speculate that
the distinction observed by these authors reflects the lo-
cus of plasticity; depotentiation at active synapses may
be mediated by a decrease in pr, whereas depression at
unmasked synapses that have not been subjected to an
LTP-associated increase in pr may be resilenced by
a postsynaptic process involving AMPA receptor recy-
cling (Nishimune et al., 1998; Xiao et al., 2004).
Experimental Procedures
Organotypic Cultures
Organotypic hippocampal cultures (Stoppini et al., 1991; Yamamoto
et al., 1989) were prepared from 6–7 day postnatal male Wistar rats
as previously described (Emptage et al., 1999) and maintained for 7–
21 days in vitro prior to recording.
Light Chain Tetanus Neurotoxin Synthesis
The TeNT light chain cDNA clone was a gift from Dr Vincent O’Con-
nor (Southampton University, UK). The cDNA was transformed in E.
coli, grown in LBroth (containing 100 mg/ml ampicillin and 25 mg/ml
kanamycin) at 37C with vigorous shaking. Once OD600 reached
0.6, the TeNT protein was induced with 1 mM IPTG (Sigma, UK) for
a further 3 hr. The cells were harvested by centrifugation (4000 3
g/4C/15 min) then lysed in breaking buffer (20 mM HEPES, 0.5 M
KCl, 2 mM MgCl, 4 mM ATP, 100 mM PMSF, 20 mM imidazole) using
a French Press. The supernatant was collected after centrifugation
(4000 3 g/4C/20 min) and loaded onto a chromatography column
(Talon Metal Affinity Resin, Clontech). The column was washed
with breaking buffer (+20 mM imidazole), then the 55 kDa protein
was eluted with breaking buffer and 200 mM imidazole and analyzed
using SDS-PAGE.
To assess whether the TeNT light chain was functional, whole-
brain homogenates (20 mg/ml in PBS) were incubated at 37C for
1 hr with increasing concentrations of TeNT. The treated lysates
were mixed with SDS-PAGE sample buffer (0.125 M TRIS, 4%
SDS, 20% v/v glycerol, 5% [v/v] b-mercaptoethanol) before loading
onto polyacrylamide gels (15%) and were resolved by SDS-PAGE.
Proteins were transferred to nitrocellulose membranes and blocked
with 5% (w/v) dry milk in PBS containing 0.05% Tween-20 (PBS-T).
Membranes were washed twice in PBS-T and incubated overnight at
4C with a mouse monoclonal anti-synaptobrevin-1 (18 kDa) anti-
body (Synaptic Systems1:1000) in TBS-T-milk. Immunoreactive
bands were detected with a secondary donkey anti-mouse antibody
conjugated to horseradish peroxidase (Jackson Immunoresearch)
by chemiluminescence (Pierce, PerBio). Finally, the concentration
of the eluted protein was determined (BCA Protein Assay, Pierce).
Electrophysiology and Imaging
Artificial cerebrospinal fluid (ACSF) superfusate contained (in mM)
NaCl 120, KCl 3, CaCl2 3, MgCl2 1, NaH2PO4 1.2, NaH2CO3 23, glu-
cose 11, Trolox (Aldrich) 1. Intracellular electrodes (70–120 MU)
were tip filled with a mixture of either 0.5 mM Oregon Green 488
BAPTA-1 and 1 mM Oregon Green 488 BAPTA-2 or 0.5 mM Oregon
Green 488 BAPTA-1, 1 mM Oregon Green 488 BAPTA-2 and 1 mM
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sium acetate and then backfilled with 3 M potassium acetate. Each
of the dyes, 1, 2, and 6F, have a different affinity for Ca2+; the dye
cocktail will therefore determine the range of [Ca2+]i that can be mea-
sured. The selective AMPAR antagonist 6,7-dinitroquinoxaline-2,3-
dione (DNQX, used at 10 mM) was obtained from Tocris. Other re-
agents were obtained from Sigma.
CA1 or CA3 pyramidal cells superfused with ACSF maintained at
32C were impaled with a sharp microelectrode and dye loaded by
injecting hyperpolarizing current (0.1 nA) for 5–15 min via an Axo-
clamp-2B amplifier (Axon Instruments). Only cells exhibiting resting
potentials equal to or less than260 mV throughout the entire exper-
iment, with overshooting action potentials, were included in the
data. Synaptic responses were elicited by extracellular current injec-
tion via a sharpened (tip <10 mm) tungsten electrode (AM Systems),
placed in the stratum radiatum 100–1000 mm from the filled cell. Con-
stant test/probe stimuli were presented at a 15 s interstimulus inter-
val to ensure that potentiation was not induced. In experiments
where the ACSF contained no Mg2+, stimulus strength was kept to
a minimum to reduce the risk of inducing seizure. Any cell showing
complete saturation of the indicator when reintroduced to Mg2+-
free solution, as judged by the failure of an action potential to pro-
duce an increase in cell-wide fluorescence, was eliminated from
the study.
Imaging was carried out using a 0.9 NA 603 water-immersion ob-
jective (Olympus) on an Olympus BX50WI microscope attached to
a confocal microscope (Bio-Rad Radiance 2100 and a MRC1024,
UK) as previously described (Emptage et al., 1999). Spines were
monitored on secondary or tertiary dendrites in the stratum radiatum
at least 100 mm from the cell body. Synaptic Ca2+ transients were
monitored via line scans consisting of 512 successive sweeps, at
2 ms intervals, across a single line through the spine or spines of in-
terest. Electrophysiological data were captured and analyzed using
A/DVANCE software (McKellar Designs, Vancouver), and images
were collected using Laser Sharp software (Bio-Rad, MRC-UK). Im-
ages and electrophysiological data were analyzed offline using NIH-
Image and Axograph (Axon Instruments), respectively. The Ca2+
transient peak amplitudes were expressed as percent fractional
change in fluorescence, calculated as 100 3 (F 2 Finitial/Finitial 2
Fbackground). To measure pCa, 20 trials were generally given under
each condition, the number limited to avoid phototoxicity. pCa was
calculated from the first of the pair of stimuli presented at each trial.
Stimulus intensity was adjusted at the beginning of each experi-
ment tow50% of threshold for eliciting action potentials and main-
tained at that level throughout. Baseline was measured using probe
pulses (0.5 Hz) for 15 min before induction. Tetanic stimulation con-
sisted of three bursts of 20 pulses at 100 Hz, at test intensity, with 1.5
s between bursts. Responses to the probe stimulus were again re-
corded at 0.5 Hz for at least 30 min after delivery of the tetanus at
which point optical characterization of transmission was carried
out. LTP was quantified by averaging peak EPSP amplitude in the
5 min before and 25–30 min after the tetanus, except where indi-
cated otherwise, and is reported as percent increase above base-
line. When multiple rounds of LTP were induced at a single pathway,
at least 1 hr elapsed between induction episodes. Postinduction op-
tical characterization of transmission at individual synapses took
place 30 min following the tetanus.
Statistical analysis was performed using InStat; p values refer to
two-tailed t tests (paired where appropriate). One-way ANOVA are
conducted when multiple groups are examined followed by planned
post hoc testing (Tukey-Kramer).
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/52/4/649/DC1/.
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